Recent results suggest that during evolution certain substitutions at protein sites may occur in a coordinated manner due to interactions between amino acid residues. Information on these coordinated substitutions may be useful for analysis of protein structure and function. CRASP is an Internet-available software tool for the detection and analysis of coordinated substitutions in multiple alignments of protein sequences. The approach is based on estimation of the correlation coefficient between the values of a physicochemical parameter at a pair of positions of sequence alignment. The program enables the user to detect and analyze pairwise relationships between amino acid substitutions at protein sequence positions, estimate the contribution of the coordinated substitutions to the evolutionary invariance or variability in integral protein physicochemical characteristics such as the net charge of protein residues and hydrophobic core volume. The CRASP program is available at http://wwwmgs.bionet.nsc.ru/mgs/ programs/crasp/.
INTRODUCTION
Multiple sequence alignment can provide information for comparative analyses of proteins. Analysis of the variations in amino acids at different alignment positions allows inferences to be made about the structural-functional role of residues at these positions and to predict protein structure (1) (2) (3) .
Useful information can also be obtained by covariation analysis of amino acid substitutions at protein sequence positions (4) . The analysis proceeds on the assumption that substitutions between functionally interacting residues may be mutually constrained; in other words, the effect of substitutions in these residues, in terms of energy, is non-additive (5-7). There is experimental evidence indicating that proteins contain pairs of amino acids that appear to covary (8) (9) (10) . In sequence alignments of homologous proteins, these interactions can be manifested in correlations between substitutions at pairs of alignment positions (11) (12) (13) . A pair of salt-bridgeforming residues that vary interdependently is given as an example in Figure 1 .
A range of methods for the detection of coordinated substitutions are now being used in analyses of the sequences of protein families, e.g. fold recognition (14) , predictions of the spatial structure of proteins (15) , protein-protein interactions (16) and inter-residue contacts (17, 18) .
An important feature of coordinated substitutions is their additional contribution to the invariance of the integral physicochemical characteristics of a protein, such as the total volume and net charge; their invariance may result from the pressure of selection either on the entire protein or on its functionally or structurally significant parts (19, 20) . Information on these characteristics would facilitate predictions of the functional motifs in proteins (21) .
Therefore, multifunction computer programs are needed for the analysis of functionally linked covarying substitutions in sequence alignments. We have developed the CRASP program package for this purpose. CRASP allows statistical evaluation of pairwise correlations between physicochemical property values at protein positions and of the significance of the contribution of coordinated substitutions to the invariance or variability of the integral physicochemical characteristics of a protein. The algorithm has been described in detail elsewhere (22) .
METHODS
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acid substitutions at a pair of a positions of a protein sequence alignment and the third serves to estimate the statistical significance of the contribution of coordinated substitutions to the variability of the integral physicochemical characteristics of a protein. Figure 2 shows schematically how the program package CRASP works.
Relationships between amino acid substitutions at a pair of positions in multiple sequence alignments Analysis is based on the assumption that functionally significant coordinated substitutions of residues in proteins result from physicochemical interactions (electrostatic, steric, hydrophobic, among others). The interactions are dependent on the physicochemical property values of the residues (23). For this reason, correlations between the values at a pair of covarying positions of a protein may be evidence not only of coordinated amino acid substitutions at these positions, but also of the specificity of the interaction between two residues in a protein. When the correlation coefficient is negative, an increase in the value of a property at position i will make more likely a substitution at position j that will result in a decrease in the value of the property. In such a case, one is dealing with a net value compensatory substitution of the property at positions i and j. For example, for the pair of residues in Figure 1 the correlation for the charge property value is negative. When the correlation coefficient is positive, it may be assumed that substitutions are compensatory for the difference between the property values of two residues. For a given physicochemical characteristic, the CRASP program is able to estimate correlation coefficients of two types, Pearson's and the paired conditional (partial) (22) . The latter estimates the mutual relationship between a pair of positions of a protein provided that the property values at the other positions of the protein remain unaltered (24) . This eliminates the effect of mediated correlations arising when interrelated substitutions at residue pair i, j may result from their interaction with a third residue at position k (25). Our previous analysis of a numerical model of evolving proteins with interacting residues has demonstrated that conditional correlation coefficients enable one to decrease considerably the proportion of correlation coefficients resulting from indirect interactions (26) .
In estimating the significance of the correlation coefficients, it is important to remember that homologous sequences are not statistically independent of one another because they share common evolutionary ancestry. As a consequence, the variation in the correlation coefficient estimates increases (27) . Therefore, the occurrence probability for large absolute values of the correlation coefficients is high, even for position pairs in which substitutions are independent of one another (25, 28) . Weighting is an approach that allows the removal of the effect of phylogeny. CRASP provides three weighting schemes for the user to choose from. They are based on the pairwise similarities between amino acid sequences (29), the occurrence frequencies of amino acids at each position in a sequence alignment (30) and the phylogenetic tree (27) . Weights may also be defined by the user. As is known, mutually dependent substitutions can occur not only in pairs, but also in groups of protein positions (13, (31) (32) (33) . The CRASP program allows the detection of groups of interdependent positions using hierarchical cluster analysis: the larger the absolute correlation coefficient value, the closer the positions cluster on the plot (34) . The results of analysis of correlations in clusters of dependent positions may be helpful in making inferences about the possible invariant and variable integral characteristics of proteins.
Contribution of coordinated amino acid substitutions to the invariance of an integral characteristic of a protein
An important feature of groups of dependent positions is that the mutual correlations can provide invariance of the integral physicochemical characteristics of a protein, i.e. values are dependent on several protein positions (19, 20) . The decrease in variation may be a consequence of selection pressure and evidence of the functional-structural importance of interactions between protein residues (20, 35) . Here, an integral characteristic F of a protein is described as the sum of the values of a physicochemical property at protein positions with coefficients c i :
where L is sequence length, f i is the value of the physicochemical property f for the residue at position i and the c i value denotes the contribution of the residue at position i to the value of the integral characteristic F. For a characteristic such as net protein charge, f represents a residue charge, and coefficients c i = 1 at all positions. The c i can be real numbers. For example, for a value such as the projection of the hydrophobic moment of the alpha-helix, they are defined by the orientation of the side chain about the helix axis (36) . A measure of the variability of the integral characteristic is its sample variance D(F). The variance of an integral characteristic F is defined as the sum of two components,
where D( f i ) is the variation in property f at position i, and r ij is the correlation coefficient for the property for the position pair i, j. It is easy to see that D var is dependent on the variability in protein positions and D cov is dependent on the coordinated substitutions. Note, D var is always >0, whereas D cov can be positive, negative or zero. The latter can be used as the null hypothesis for testing the significance of the contribution of coordinated substitutions to D(F). In this case (for all r ij = 0), the expected variance of the physicochemical characteristic is
To test this inequality for significance the variance ratio l = D exp (F)/D(F) is used; thus, l serves as a characteristic of the contribution of coordinated substitutions to the variation in the integral characteristic F. At l > 1, the contribution narrows the variation range (increases conservation); at l < 1 it widens the variation range (increases variability). At l % 1, the contribution of coordinated substitutions is insignificant. It is known that l obeys Fisher's F distribution with L(NÀ1) and N À 1 degrees of freedom, where N is the number of sequences (37) . Therefore, percentile points of the F distribution can be used for estimating the significance of the deviation of l from 1. Additionally, a Monte Carlo simulation is applied to test for the significance of the observed deviation of the variance D from D exp (F). M random samples are generated. There are no pairwise dependencies of the physicochemical characteristic values of the residues (r ij = 0). Every sample consists of N sets of Gaussian distributed independent numbers with means and variances equal to the estimates at each analyzed position. Then, the variation D rand (F) for such random samples is calculated and the number m of the samples with D rand > D is counted. The ratio m/M is an estimate of the significance of the deviation of D(F) from D exp (F ). In the course of the Monte Carlo simulation, the l rand = D exp (F)/D rand (F) value is calculated for every random sample, using the D( f i ) value in a random sample to estimate D exp (F). The proportion of random samples with l > l rand is also the estimate of the significant contribution of the coordinated substitution to the constancy of the F characteristic. CRASP also allows us to estimate the parameters of the linear functional relationship between a pair of integral characteristics.
INPUT AND OUTPUT

The calculation of pairwise correlations
For the calculation of pairwise correlations, CRASP accepts sequence alignments of a protein family, a phylogenetic tree for weight calculation or user-defined weights for each sequence. The user can choose a physicochemical characteristic of amino acids from the AAIndex database (38) or from a menu. A number of input parameters enable the user to filter the positions that are too conserved or those containing an unacceptably large number of deletions. For the sake of convenience, one of the sequences can be taken as reference and the reference sequence positions can be appropriately numbered. Extended data input and a simplified input routine with certain parameters given by default are available.
The main result of the module is a correlation matrix. CRASP offers three formats to display the matrix, a textual alternative, a hypertext display and graphical. The diagram of the hierarchical position clustering is displayed as a separate graph. The statistics for the frequencies of occurrence of amino acids at the alignment positions and the data on the distribution of the physicochemical characteristics at each alignment position can be displayed visually as text files.
The analysis of the physicochemical characteristic in a position pair
This module allows estimation of the Pearson's correlation coefficient and the linear functional regression equation (23) for the physicochemical value in a position pair. The results are displayed in a textual format, and a scatter plot of the property values at a pair of alignment positions is also displayed.
The analysis of the integral characteristics
Multiple sequence alignment, weighting parameters and physicochemical property of the residues are defined as in the analysis of pairwise correlations. Integral characteristics are calculated using the numerical coefficients corresponding to the alignment positions. The user can define up to four characteristics in one run.
The output data are the estimates of the statistical significance of the contribution of the coordinated substitutions to the variation in the integral characteristics D, and the D/D var values in the random samples. The distributions can be displayed in either textual or graphical format upon output.
The CRASP website provides examples of analysis for a number of protein families, help on using input parameters and also tutorial pages.
